We report an observation of ultraviolet (UV) surface plasmoncoupled emission (SPCE) of N-acetyl-L-tryptophanamide (NATA). The sample was spin coated from poly(vinyl alcohol) (PVA) solution on 20 nm aluminum film deposited on a quartz substrate. The directional UV SPCE occurs within a welldefined narrow angle at 528 from the normal to the coupling hemicylinder quartz prism. The NATA directional emission is highly p polarized as expected for surface plasmon-coupled radiation. The 10 nm protective SiO 2 layer deposited on top of the aluminum film significantly neutralized the fluorophore quenching by the metal surface. SPCE of NATA demonstrates a remarkable intrinsic dispersive property-the maximum of the emission spectrum depends on the observation angle. The efficient spectral resolution of SPCE can be used in the construction of miniaturized spectrofluorometers. The observation of SPCE of tryptophan opens a new possibility for the study of many unlabeled proteins with the technique complementary to surface plasmon resonance analysis.
INTRODUCTION
Recently, surface plasmon-coupled emission (SPCE) regained its momentum in several experimental (1) (2) (3) (4) (5) (6) (7) and theoretical (8, 9) studies. SPCE is closely related to the surface plasmon resonance (SPR) (10) (11) (12) phenomenon in which resonant oscillations of electrons on a metallic surface (surface plasmons) are induced when a thin metal film is illuminated through a high refractive index glass prism and the incident angle (h I ) is appropriate, i.e. the projection of the light vector on the interface equals the wavevector of the plasmons. At the resonance angle h I 5 h SPR , the incident light is absorbed and the reflectance decreases. SPCE is a reverse phenomenon to SPR; emission is detected rather than absorption.
Excited fluorophores near a thin metal film can induce the surface plasmons resulting in a directional radiation into the glass substrate at the angle h F . Note that SPCE is a near-field phenomenon. The emitted free-space fluorescence from the thin sample at the direction of h F is minimal compared with the directional SPCE. Both the SPR and SPCE angles are highly sensitive to the thickness of the dielectric layer (sample) above the metal. This fact has been used in surface plasmon resonance analysis (SPRA) for detection of bioaffinity reaction on surfaces (13-16) and in SPCE for bioassay studies (17) (18) (19) (20) .
At present, SPRA is performed on slides coated with thin gold film, usually 47-50 nm thick. This is because of the high resistance to the environment of gold, as well as a well-developed surface chemistry. However, the SPR and SPCE measurements with gold and silver films require visible or near-infrared light. Aluminum is known for excellent reflective properties in the ultraviolet (UV) region. Very recently we demonstrated efficient SPCE with 20 nm aluminum (21), where we studied 2-aminopurine, which emits between 350 and 450 nm.
In this article we report on UV (300-400 nm) SPCE of N-acetyl-L-tryptophanamide (NATA) deposited on an aluminized quartz slide. SPCE analysis in the UV region may enable studies of unlabeled proteins using their intrinsic fluorescence.
MATERIALS AND METHODS
Sample preparation. Quartz slides were coated by vapor deposition by EMF Corp. (Ithaca, NY). A 20 nm thick layer of aluminum was deposited on the quartz followed by a 10 nm SiO 2 protective layer. Fluorophores were deposited on the surface by spin coating at 3000 rpm with a 0.5% solution of poly(vinyl alcohol) (PVA, molecular weight 13 000-23 000; Aldrich, St. Louis, MO). The 0.5% solution of PVA was filtered using a 0.2 lm filter to remove larger PVA aggregates. The PVA solutions contained NATA (7.5 3 10 À3 M) from Sigma. The reference slide for the control experiment was prepared from identical 0.5% PVA solution without NATA. The thickness of the sample was determined by comparison of the measured SPCE angle with calculated reflectance for the emission wavelength (345 nm).
Reflectance calculations. The angular distribution of radiated light in the glass-quartz prism is determined by the same wavevector matching requirements as for SPR. For this reason the equations used in the SPR theory can be applied to describe the angular distribution of SPCE using the emission wavelength. The equations needed to calculate reflectivities of the thin films can be found in the literature (22, 23) . These calculations can be also performed (up to four phases) using web-based software (24) . In this article the reflectance profiles of the thin film were calculated with TFCalc. 3.5 software (Software Spectra, Inc., Portland, OR). Using this software, we have demonstrated previously (21) that the optimum thickness of the aluminum in the UV region is about 20 nm. In the visible and near-infrared regions silver and gold are usually used in SPR/SPCE experiments with thickness of about 50 nm (3-7). Smaller thickness of aluminum is required because of the larger imaginary component of its dielectric constant (e Al 345 5 À14.75 þ 2.47i), which describes the extinction coefficient of the metal.
Fluorescence measurements. The spin-coated slides were attached to a hemicylindrical prism made of quartz using nonfluorescent indexmatching fluid (glycerol, n 5 1.44). This combined sample was positioned on a precise rotary stage, which allows excitation and observation at any desired angle relative to the vertical axis around the cylinder (3). For excitation we used the reverse Kretschmann (RK) configuration (Scheme 1). In this configuration the sample was excited from the air, or sample side, which has a refractive index lower than the prism. In this case it is not possible to excite surface plasmons with the incident light. The angle of incidence does not matter, but we used normal incidence.
The SPCE can be induced also by the evanescent field of surface plasmons created by the incident light. This can be achieved by the excitation through the prism at the SPR angle for the excitation light (Kretschmann configuration). Such excitation provides efficient background rejection and is preferable in SPCE bioassays (18) (19) (20) . For clarity of presentation we only describe data obtained in the RK configuration in this article.
Observation of the angular distribution of the emission was performed with a 3 mm diameter UV-transmitting fiber, covered with a 500 lm vertical slit, positioned about 15 cm from the sample. This corresponds to an acceptance angle below 0.28. The output of fiber was directed to a 8000 SLM spectrofluorometer or a 10 GHz frequency domain fluorometer (25) .
For excitation, we used the second harmonic (297 nm) from a Rhodamine 6G dye laser. The dye laser was pumped by a mode-locked argon ion laser, 76 MHz-repetition rate, 120 ps half-width and cavity dumped at a 3.8 MHz repetition rate. Scattered light at 297 nm was suppressed by observation through a 0-54 Corning cut-off filter, supported for intensity and lifetime measurements with a 345 nm interference filter.
For lifetime measurements, the multifrequency phase and modulation data were analyzed in terms of the multiexponential model as described previously (26) .
RESULTS AND DISCUSSION
First, we compared the free-space emission of samples prepared on bare quartz and metallized slides. The use of aluminum with fluorescence was not obvious because of observed strong quenching on the aluminum surface (27) . To avoid quenching effects we used a 100 Å protective layer of SiO 2 added in a vapor deposition procedure. Emission spectra of NATA spin coated from PVA solution are shown in Fig. 1 for quartz (top) and metallized (bottom) substrates. The spectra measured in front-face geometry are essentially identical and characteristic for tryptophan. We were pleasantly surprised by the absence of quenching. The brightness of NATA on the SiO 2 -protected metallized slide was similar to that on a bare quartz slide. The 100 Å SiO 2 layer effectively neutralized NATA quenching by aluminum. The backgrounds (signals from identical slides without NATA) are negligible on either the metallized or unmetallized slide (Fig. 1, dotted lines) .
Next, we measured the angular distribution of SPCE of NATA (Fig. 2, top right) . The SPCE is narrowly distributed at 528. The emission spectrum of SPCE (Fig. 2, top left) observed at 528 is characteristic for tryptophan. The SPCE is highly p polarized (P . 0.9) independently of polarization of excitation light. The calculated reflectance (Fig. 2, bottom) for the emission wavelength of 345 nm reaches a minimum at 528 for PVA thickness of 12 nm. The calculation was done for the five-phase system shown in the insert in Fig. 2 , bottom, and in Scheme 1.
Previously we observed and photographed multicolor rings of SPCE (3), the consequence of the dispersive property of SPR/ SPCE. This property is an effect of wavevector matching conditions. To generate the SPR/SPCE, the projection of the wavevector of the incident light on the interface must match the wavevector of surface plasmons (2, 22) . The recorded spectrum of the NATA SPCE strongly depends on the observation angle (Fig.  3) . A 108 change in the observation angle results in a significant, 40 nm shift of the spectrum.
Finally, we investigated the lifetimes of NATA SPCE (Fig. 4) . The intensity decays were measured in the frequency domain. Scheme 1. Sample configuration for SPCE of tryptophan. The metallized quartz slide spin coated with PVA-containing NATA was attached to a hemicylindrical quartz prism (the layer thickness is drawn not to the scale). The excited NATA dipoles couple to the surface plasmons, which radiate within the narrow hollow cone at the angle h F . The SPCE radiation is fully p polarized. Multiexponential parametrization of the decays are summarized in Table 1 . The mean lifetime of NATA is only slightly shorter on a metallized slide than on bare quartz (Fig. 4, top and middle) , which is consistent with the comparable brightness of these slides. This also shows that 10 nm layer of SiO 2 effectively protects the sample against the quenching by the metallic surface. The lifetime of NATA SPCE (Fig. 4, bottom) is decreased by only 25% when compared with a free-space (FS) fluorescence (Fig. 4, middle) , which is not a significant lifetime reduction. In earlier studies of fluorophores near metallic particles (28) (29) (30) , we observed dramatic reduction in lifetimes. Although we do not fully understand how the surface plasmons and fluorophores interact to determine the SPCE, we believe that the reported data can be used by those interested in the SPCE phenomenon.
CONCLUSIONS
The extension of SPCE to the UV region opens new possibilities to study tryptophan-or tyrosine-containing proteins without labeling with longer wavelength fluorophores.
The use of the 100 Å SiO 2 layer not only eliminates metal quenching but also protects the aluminum layer. We were able to wash the sample with water and reuse the metallized slide for another spin coating. The observed brightness and SPCE angle did not differ when the slides were reused. We could not do this with the silver-covered slides, unprotected or protected with 50 Å SiO 2 . The intrinsic spectral resolution of directional and polarized SPCE demonstrated in Fig. 3 can be used in miniaturized spectrofluorometers with a minimum amount of optical elements.
